Abstract: Lysosome is the central organelle for intracellular degradation of biological macromolecules and organelles. The material destined for degradation enters the lysosomes primarily via endocytosis, autophagy and phagocytosis, and is degraded through the concerted action of more than 50 lysosomal hydrolases. However, lysosomes are also linked with numerous other processes, including cell death, inflammasome activation and immune response, as well as with lysosomal secretion and cholesterol recycling. Among them programmed cell death pathways including apoptosis have received major attention. In most of these pathways, cell death was accompanied by lysosomal membrane permeabilization and release of lysosomal constituents with an involvement of lysosomal hydrolases, including the cathepsins. However, it is less clear, whether lysosomal membrane permeabilization is really critical for the initiation of cell death programme(s). Therefore, the role of lysosomal membrane permeabilization in various programmed cell death pathways is reviewed, as well as the mechanisms leading to it.
Introduction: lysosomes and lysosomal biology
Since the discovery of lysosome (Appelmans et al., 1955; de Duve, 1983) , major efforts have been done to understand its biology and multitude functions. Lysosomes are ubiquitous sphere or tubular shape organelles. Their size, abundance and distribution are dependent on the digestive activity and cell type (Xu and Ren, 2015) . Lysosomal membrane, which was long thought to serve primarily as the physical barrier to prevent mixing of the highly acidic lumen with cytosol, is known to have a number of other important functions, which are largely associated with the numerous membrane proteins transporters, receptors and enzymes, anchored into the lysosomal membrane. Lysosomal integral membrane proteins (LIMPs) and lysosomal associated membrane proteins (LAMPs) are protected against the attack of proteases by heavy glycosylation, which forms gylcocalyx. Membrane is additionally stabilized by heat shock protein 70 kDa (Hsp70) and cholesterol (Saftig et al., 2010; Repnik et al., 2012; Galluzzi et al., 2014; Mrschtik and Ryan, 2015) .
Lysosomes are the terminal point of intracellular transport, particularly endocytosis, phagocytosis and autophagy. During endocytosis the substrates are first enclosed into the early endosomes, which mature into the late endosomes that finally fuse with lysosomes, resulting in digestion of the engulfed material. However, endocytosis is not only related to degradation by lysosomes, but it is also implicated into recycling of surface receptors and cellular signalling (Sigismund et al., 2012; Settembre et al., 2013; Xu and Ren, 2015) . During autophagy, the engulfed contents are transported from the cytoplasm to the lysosomes for final degradation (Ciechanover, 2012; Kaur and Debnath, 2015) . According to the physiological activity and the type of cargo distribution to the lysosomes three distinct autophagy pathways are known: macroautophagy, microautophagy and chaperone-mediated autophagy (CMA). Macroautophagy, an evolutionary conserved process, is present at a low level (constitutive autophagy) in all cells to preserve intracellular balance and is stimulated during stress conditions, like starvation, imbalance in AMP/ATP ratio, reactive oxygen species stress, endoplasmic reticulum stress and accumulated misfolded proteins. CMA is activated as protection system to avoid proteotoxicity. All CMA substrates contain in the sequence a specific pentapeptide motif (e.g. KFERQ) that serves for binding to the chaperone proteins shock cognate protein 70 (Hsc70), and is delivered to lysosomes via LAMP-2A protein that serves as a receptor (Mizushima et al., 2008; Arias and Cuervo, 2011; Cuervo and Wong, 2014) . Microautophagy is the least investigated mechanism, during which the lysosomal membrane is invaginated thereby trapping its content. This pathway was shown to be involved in the clearance of large structures, like mitochondria and peroxisomes. The engulfed membrane is degraded to release the cytoplasmic cargo (Li et al., 2012) .
When the cargo finally reaches the lysosome, the delivered content is modified by acidic pH and reducing environment resulting in reduction of the disulfide bonds, disruption of the hydrogen bonds and the connexions between the side chains leading to unfolding of the proteins (Luzio et al., 2000; Turk and Turk, 2009; Cesen et al., 2012) . The acidic pH is maintained by V-ATPase and ion homeostasis that are essential for lysosomal maturation and trafficking, proper membrane fission and establishment of the lysosomal membrane potential (Xu and Ren, 2015) .
The improper function of autophagy and decreased lysosomal degradation may result in accumulation of lipofuscin (age pigment), an auto-fluorescent material, in lysosomes of post-mitotic long-lived cells (Terman and Brunk, 2004; Hohn and Grune, 2013) . Lipofuscin is composed of peroxidized proteins and lipid residues, which may act as endogenous membranolytic compounds. Additionally, some studies have revealed that some metals like aluminum, zinc, copper and iron are trapped within lipofuscin. Among them iron has a special role as it is predominantly responsible for oxidation linked with the Fenton-type reactions, indicating that lysosomes are also involved in iron homeostasis (Kurz et al., 2007; Kurz et al., 2011; Hohn and Grune, 2013; Karlsson et al., 2013; Repnik et al., 2014; Bogdan et al., 2016) . However, lysosomes are not associated only with the catabolic functions, but also with other processes, including cell death, inflammasome activation and immune response, as well as with lysosomal secretion and cholesterol recycling (Appelqvist et al., 2013; Mrschtik and Ryan, 2015) . As a consequence, disturbances in lysosomal functions are associated with numerous human diseases, such as cancer, neurodegenerative disorders, lysosomal storage diseases, cardiovascular disorders and many inflammation-associated diseases (Eskelinen and Saftig, 2009; Kurz et al., 2011; Appelqvist et al., 2013; Settembre et al., 2013; Jiang and Mizushima, 2014; Hu et al., 2015; Parenti et al., 2015; Bogdan et al., 2016; Stoka et al., 2016) .
Lysosomal hydrolases: crucial role of proteases
Crucial role in cargo degradation play lysosomal hydrolases. A number of them has been identified in the lysosomal lumen, including proteases, nucleases, lipases, phosphatases, sulfatases and glycosidases (Hafner Česen et al., 2016) . Their function is to hydrolyse the incoming cargo into simple building blocks, which are reused after diffusion or active transport by catabolite exporters into the cytosol (Mrschtik and Ryan, 2015; Xu and Ren, 2015) .
Among the hydrolases the best characterized are the proteases, in particular the cathepsins. The majority of them is cysteine cathepsins with 11 of them being encoded in the human genome (B, C, F, H, L, K, O, S, V, W, and X). While cathepsins B, C, F, H, L, O, V and X are ubiquitous and are associated with general lysosomal protein degradation, cathepsins K (osteoclasts), W (lymphocytes and natural killer cells) and S (antigen-presenting cells) are tissue-specific with more specialized functions. Cathepsins D and E are aspartic proteases, ubiquitous in late endosomes, while serine protease G is not classified as a true lysosomal protease, because it is present only in azurophil granules, which belong to the group of lysosome-related organelle (LRO), and is normally active at neutral pH. The most abundant are cathepsins B, L and D, and their inhibition was found to substantially reduce autophagy. Acidic pH found in lysosomes does not only help in unfolding the protein substrates, but is also optimal for the activity of cysteine and aspartic cathepsins. Although active, the former are, with exception of cathepsin S, unstable at neutral pH, while the latter are largely inactive due to reversible deprotonation of the active site Asp residues. Besides pH, a number of other cellular mechanisms are known to prevent uncontrolled proteolytic degradation, including by physical separation of the proteases by being contained within lysosomes, requirement for activation of inactive zymogens and the presence of endogenous inhibitors. However, when regulation fails, cathepsins have been found to be involved in numerous pathologies, especially those associated with inflammation, such as arthritis, atherosclerosis, inflammatory bowel diseases and various autoimmune diseases, as well as several types of cancer. In a number of these conditions, cathepsins were found to be upregulated and often also secreted Vasiljeva et al., 2007; Kaminskyy and Zhivotovsky, 2012; Turk et al., 2012) . In addition, there is increasing evidence that cathepsins when released into the cytosol following lysosomal membrane permeabilization, also contribute to various cell death pathways, thereby playing a dual role .
In this review, we will focus on the lysosomal membrane permeabilization and its triggers. In addition, involvement of lysosomes and lysosomal proteases in various types of regulated cell death pathways will be discussed.
Lysosomal membrane permeabilization and lysosomotropic reagents
A major step in all cell death pathways associated with lysosomes is the lysosomal membrane permeabilization (LMP) that is characterized by decreased cytosolic and increased lysosomal pH, perturbed iron homeostasis, defects in lysosomal cytoprotective factors and release of hydrolases into the cytosol (Figure 1 ). However, LMP is not always accompanied by ultrastructural changes of lysosomes (Hafner Česen et al., 2012; Aits and Jaattela, 2013; Galluzzi et al., 2014) . LMP is dependent on the type of the lysosomotropic agent, presence and activity of the lysosomal enzymes, composition of the lysosomal membrane (e.g. cholesterol and sphingolipid ratio) and the level of endocytosis. In addition, it was suggested that not all cells are equally prone to LMP due to the presence of different enzymes at different levels and that this may also differ depending on the LMP-trigger. So far, an essential role of LMP was demonstrated only in the execution of lysosomal cell death (LCD). LMP was often found to accompany other types of cell death as a downstream signal amplifier, but not as a starting event (Galluzzi et al., 2014; Repnik et al., 2014; Gomez-Sintes et al., 2016; Serrano-Puebla and Boya, 2016) . Anyhow, in oxidative stress-triggered necrosis, LMP was found to be an early event (Vanden Berghe et al., 2010) . In addition, lysosomal malfunction as a consequence of LMP is also contributing to autophagy defects (Galluzzi et al., 2014; Serrano-Puebla and Boya, 2016) . Interestingly, cells were able to recover from moderate LMP through a selective form of autophagy termed lysophagy, in which damaged lysosomes are recovered (Hung et al., 2013; Maejima et al., 2013) .
Collectively, it is now clear that LMP is tightly associated with cell death, but the molecular mechanisms downstream of LMP differ and depend on the LMP trigger and cell type (Turk and Turk, 2009; Repnik et al., 2012; Aits and Jaattela, 2013; Ashoor et al., 2013) . 
Lysosomotropic agents
Disruption of lysosomal morphology and activity can be a consequence of osmotic or direct membrane lysis (Repnik et al., 2014; Villamil Giraldo et al., 2014) . In the case of osmotic lysis, a relatively high quantity of soluble compounds is trapped in the lumen, thereby increasing the osmotic pressure. On the other hand, increased osmotic pressure can be also triggered by the reagents that affect membrane permeability, resulting in the influx of water. Other destabilising factors are compounds with surfactant properties. After the critical micelle concentration is reached, these reagents evolve detergent-like activity (Gomez-Sintes et al., 2016) .
To induce membranolytic activity, high concentrations of exogenous lysosomotropic detergents must be used to destabilize intracellular membranes and not only the plasmalemma. Among these compounds the most important are the lysosomotropic compounds ( Figure  1 ). Lysosomotropic compounds are usually weak basis that upon entering lysosomes become protonated at acidic pH, thereby remaining trapped within lysosomes. However, they often affect lysosomal pH only, but do not trigger LMP. Such examples are chloroquine and ammonium chloride, which exert the so-called "sponge effect" by accumulating in the lysosomes due to protonation at acidic pH thereby increasing the vesicles volume and pH. The latter is, however, seen as a decrease in the signal of lysosomotropic dyes such as acridine orange and various lysotrackers and therefore sometimes misinterpreted as LMP, requiring caution in data interpretation (Repnik et al., 2014) . Another such example is siramisine, a σ2-receptor agonist, which was initially reported to trigger LMP and subsequent cell death in several cancer cells (Ostenfeld et al., 2005; Ostenfeld et al., 2008) , but was recently found to induce cell death associated with mitochondrial destabilization and disrupted metabolic homeostasis in the absence of LMP (Hafner Česen et al., 2013) .
On the other hand, lysosomotropic detergents destabilize membrane lipids after delivery into the lysosome. Early examples of lysosomotropic detergents were amines with hydrophobic side-chains, such as imidazole or morpholine (Miller et al., 1983) , although it is not completely clear whether they disrupt lysosomal membranes only or also plasmalemma, and whether this is cell type-dependent. However, the best characterized lysosomotropic detergent is L-leucyl-L-leucine methyl ester (LeuLeuOMe), which can kill a large variety of cells with bone marrowderived immune cells being the most sensitive (Thiele and Lipsky, 1990; Uchimoto et al., 1999; Droga-Mazovec et al., 2008) . This dipeptide ester was shown to accumulate inside lysosomes and acquired detergent properties after polymerization mediated by cathepsin C (Thiele and Lipsky, 1990) . Moreover, the compound showed excellent results in the prevention of graft-versus-host disease in mice and entered clinical studies for allogenic bone marrow transplantation (Filicko-O'Hara et al., 2009), which were, however, discontinued. Among the others, O-methyl-serine-dodecylamide-hydrochloride (MSDH) and sphingosine have gained more attention. MSDH was thus shown to trigger early LMP accompanied by leakage of lysosomal proteases, changed iron homeostasis and oxidative stress, followed by release of cytochrome C from mitochondria and activation of caspases at low to moderate concentrations in a mouse macrophage cell line. However, high doses of MSDH resulted in necrosis of the target cells (Li et al., 2000; Ghosh et al., 2011) . Sphingosine, on the other hand, is one of the endogenous lysosomotropic agents, which causes changes in lysosomal membrane lipid composition. Sphingosine is generated by concerted action of acid sphingomyelinase and acid ceramide. While the former converts sphingomyelin into ceramide, the latter converts ceramide into sphingosine. Another important factor in the sphingosine detergent activity seems to be also cathepsin B, which degrades sphingosine into the anti-apoptotic sphingosine 1-phosphate. In addition, sphingosine membranolytic properties depend on pH and lipid composition (Johansson et al., 2010; Young et al., 2013; Villamil Giraldo et al., 2014) . In addition, destabilization of lysosomal membrane can be mediated also by non-permeable compounds that accumulate in lysosomes after delivery by endocytosis (Aits and Jaattela, 2013; Repnik et al., 2014; Villamil Giraldo et al., 2014) .
ROS as LMP trigger
A potent intracellular LMP inducer, following exposure to various drugs, heavy metals, ionising radiation, photodynamic therapy and different injuries, is also oxidative stress ( Figure 1A ) (Cesen et al., 2012; Aits and Jaattela, 2013) . In the lysosome, low mass-iron is released after degradation of ferruginous compounds. (Kurz et al., 2007; Kurz et al., 2011; Dixon et al., 2012) . Depending on the extent of highly reactive HO . and OH − production, LMP is triggered by lipid peroxidation and destabilization of lysosomal membrane proteins. It was suggested that ROS initiate also activation of phospholipase A2 (PLA2) and lysosomal Ca 2+ channels. PLA2 may affect trafficking of K + and H + ions and lysosomal membrane integrity by the production of arachidonic acid, which exhibits detergent-like properties (Kurz et al., 2011; Cesen et al., 2012; Aits and Jaattela, 2013) .
However, not all lysosomes are equally sensitive to oxidative stress due to variation in the degradation level of the iron-binding molecules. Consistent with this theory, the level of lysosomal redox-active iron in healthy cells should be strictly regulated by transporting iron from lysosomes to cytosol and keeping it in a non-redox-active form. Hsp70 and ferritin can bind iron in order to diminish LMP. Therefore, many efforts were invested in the introduction of redox-active iron in malignant cells to be more responsive to irradiation-induced ROS production. In addition, anti-cancer photodynamic therapy is based on the intra-lysosomal accumulation of photosensitizers that cause increased oxidative stress resulting in LMP, release of lysosomal hydrolases and mitochondrial membrane permeabilization (MMP) (Kurz et al., 2007 (Kurz et al., , 2011 Ghosh et al., 2011; Marino et al., 2013) .
In the cell, excessive ROS act as general destabilizing factors, but cellular antioxidants can minimize their impact. Lysosomal integrity can be maintained by vitamins C and E, coenzyme Q10, glutathione, catalase, superoxide dismutase, etc. However, their anti-oxidative properties can be diminished by the low lysosomal pH (Johansson et al., 2010; Kurz et al., 2011; Aits and Jaattela, 2013; Marino et al., 2013; Bogdan et al., 2016) .
LMP-triggering proteins
An interesting group of biomolecules that can trigger LMP are bacterial, fungal and snake toxins, and viral proteins. Perhaps the best known example is the diphtheria toxin, which forms pores in endolysosomal membranes after pH modification. Also several other toxins, such as tetanus, botulinum an anthrax toxin, nigericin, leukotoxin, mycotoxins, venom toxins from cobra and rattlesnake, have been associated with LMP. On the other hand, viral proteins can initiate LMP by generating lysosomal membrane rupture, pore formation, membrane curvature stress or vesicular swelling or even by detergent-like activity (Tosteson and Chow, 1997; Fuchs and Blaas, 2010; Johansson et al., 2010; Maier et al., 2010; Aits and Jaattela, 2013; Jiang and Mizushima, 2014; Ju et al., 2015) . In addition, proapoptotic Bcl2 family members Bax and Bak that are primarily involved in mitochondrial membrane permeabilization, and Bid, were also suggested to be involved in triggering LMP (Johansson et al., 2010) .
Lysosomes in cell death
Following LMP, lysosomes start leaking their contents into the cytosol, which may lead to cell death. Unlike the pathways leading to LMP, pathways downstream from LMP are clearer and are critically dependent on the release of lysosomal hydrolases into the cytosol. Although their activity in the cytosol is lower than in the endolysosomal vesicles, it can still result in substantial damage, depending on the extent of LMP and cytosolic (protease) inhibitors, which can protect cells against low level LMP, thereby serving an emergency role (Turk, 2006) , such as demonstrated for stefin B. Its genetic ablation was namely shown to dramatically sensitize primary mouse mammary cancer cells to LeuLeuOMe (Butinar et al., 2014) . Extensive LMP leads to uncontrolled necrosis, which will not be discussed further, while moderate LMP contributes to apoptosis and various types of regulated necrosis, including necroptosis, ferroptosis, oxytosis, pyrogenic cell death, cornification and parthanatos (Figure 2 ) (Turk and Turk, 2009; Cesen et al., 2012; Lima et al., 2013; Galluzzi et al., 2014; Vanden Berghe et al., 2014) . Like in apoptosis also in regulated necrosis LMP can be an initiator, an amplifier or only a bystander of the process. Moreover, lysosomes do not contribute to regulated necrosis only by the activity of released cathepsins but also by their elevated oxidative potential and iron load (Figure 3) (Vanden Berghe et al., 2010; Galluzzi et al., 2014) . A comparison between different types of cell death is presented in Table 1 .
Apoptosis
Depending on the initial signal, apoptosis can be driven by mitochondria (intrinsic pathway) or by ligation of death ligands to transmembrane receptors from the TNF family (extrinsic pathway), which both converge at the level of caspase 3 activation. The two pathways are connected via the BH3-only proapoptotic Bcl-2 family member Bid, which is a substrate of caspase 8. Such truncated form of Bid, tBid, then engages the mitochondrial pathway in the so-called type I cells, thereby amplifying the signal. LMP somehow does not fit into the main story. The early idea that cathepsins released from the lysosomes would activate procaspases, as shown in vitro for cathepsin G (Zhou and Salvesen, 1997), does not work (Stoka et al., 2001) . The only exception is cathepsin D, which was shown to be able to activate procaspase 8 in neutrophils (Conus et al., 2008) . However, this is more an exception than a rule, as cathepsin D is extremely abundant in neutrophils. Moreover, there is no endogenous inhibitor of cathepsin D in mammals, suggesting lower level of control.
The first identified substrate of cathepsins, including cathepsin D, leading to apoptosis is Bid. Similarly to caspase 8 and granzyme B, all the cathepsins cleave Bid in the same unstructured region, called the bait loop (Stoka et al., 2001; Cirman et al., 2004; Heinrich et al., 2004; Blomgran et al., 2007; Droga-Mazovec et al., 2008) . However, Bid is not a critical apoptotic substrate of cathepsins as demonstrated in neuronal apoptosis in mice deficient in the major cytosolic inhibitor of cysteine cathepsins. Simultaneous ablation of stefin B and Bid had namely no effect on the progression of cerebellar apoptosis (Houseweart et al., 2003) . Later, several additional apoptotic substrates of cathepsins were identified, including the anti-apoptotic Bcl2 family proteins Bcl-2, Bcl-extra-large (Bcl-XL) and induced myeloid leukaemia cell differentiation protein-1 (Mcl-1). This all points out to engagement of mitochondrial pathway. Moreover, cathepsins can also cleave XIAP following its release from mitochondria, thereby ensuring the propagation of apoptosis (Droga-Mazovec et al., 2008) . The importance of cathepsins for triggering LMP-mediated cell death was demonstrated also in primary tumor cells, which were genetically ablated for cathepsin B or the major cytosolic cathepsin inhibitor stefin B Butinar et al., 2014) . While triggering LMP by lysosomotropic detergents seems an attractive alternative to kill cancer or immune cells overexpressing anti-apoptotic Bcl2 proteins in cancer therapy, LMP does not seem to be a major apoptotic pathway. However, since mitochondrial membrane permeabilization (MMP) results also in oxidative stress, which may trigger LMP, it can be suggested that secondary LMP may amplify apoptosis. Of course, this is probably true also for other LMP stimuli. There were some more controversies concerning the role of LMP in the extrinsic pathway, suggesting that cathepsins, in particular cathepsin B, may act as important direct executioners of apoptosis (Guicciardi et al., 2004; Kirkegaard and Jaattela, 2009 ). However, later studies revealed that cathepsins are not the main players (Bojic et al., 2007; Wattiaux et al., Oberle et al., 2010; Spes et al., 2012) . In addition, LMP was often linked to neuronal cell death, where pathways may be somewhat different than in other cells described above. As the role of lysosomes and LMP in apoptosis was a subject of many reviews, it will not be discussed her in more details (Turk and Turk, 2009; Hafner Česen et al., 2012; Aits and Jaattela, 2013; Repnik et al., 2014; Stoka et al., 2016; Yu et al., 2016) .
Necroptosis
The most studied form of regulated necrosis is necroptosis, which relies on the activation of receptor interacting protein kinases (RIPK) 1 and 3. Many inducers of necroptosis have been identified so far, however, the tumor necrosis factor (TNF)-induced pathway in the absence of active caspase 8, which otherwise cleaves the two kinases and drives cells into apoptosis, is the most studied one (Pasparakis and Vandenabeele, 2015) . In contrast to accidental necrosis where LMP is an early event, in TNF-induced necroptosis LMP occurs at a later stage (Vanden Berghe et al., 2010) . In a recent study, cysteine cathepsins B and S, and to a minor extent also cathepsin L, have been demonstrated to cleave RIPK1 in macrophages and only the combined inhibition of caspases and cathepsins has augmented TNF-necroptosis (McComb et al., 2014) . In another study, dendritic cells treated with the RIG-I-like receptor adjuvant polyinosinic-polycytidlic acid (poly IC) also showed disrupted lysosomal integrity and cathepsins release. Interestingly, in the majority of the cell population, released cathepsin D acted pro-inflammatory by cleaving caspase-8 which resulted in enhanced nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB)-mediated production of cytokines. However, in a minor portion of the cell population cathepsin D cleavage of caspase-8 resulted in RIPK1-dependent cell death. As only the inhibition of all cathepsins, and not only cathepsin D or cysteine cathepsins, reduced necroptosis, the authors speculated that other lysosomal cathepsins besides cathepsin D may be involved in facilitating poly IC-stimulated necroptosis (Zou et al., 2013) .
Based on the available data, it is difficult to conclude if cathepsins promote or delay necroptosis. Most probably, the function of LMP and cathepsins depends on the type of cells and their local microenvironment. It is known that depending on the molecular momentum pro-apoptotic factors can antagonize necroptosis (Ofengeim and Yuan, 2013; Hernandez et al., 2015) . In other forms of regulated necrosis described below, LMP and cathepsins seem to contribute to cell death rather than to limit it.
Ferroptosis and oxytosis
Ferroptosis occurs due to erastin inhibition of the XCcysteine/glutamine antiporter causing cysteine and consequently glutathione depletion. This allows an increase in Fenton generated ROS and subsequently major lipid damage. The critical factor in ferroptosis is most likely antioxidant insufficiency (Dixon et al., 2012; Dixon and Stockwell, 2014) . As described above, lysosomes are important cellular pools of redox-active iron and their biochemistry creates an excellent environment for Fenton reactions (Kurz et al., 2011) . Interestingly, not all triggers that initiate Fenton reactions in lysosomes cause ferroptosis (Dixon et al., 2012) . This further suggests that ironcatalyzed ROS from lysosomes are dispensable drivers of ferroptosis (Dixon and Stockwell, 2014) . In addition, it was shown that ferroptosis was not affected by the broad spectrum cysteine cathepsin inhibitor E64d implying that lysosomal cysteine cathepsins are neither critical for ferroptotic cell death (Dixon et al., 2012) . It can be therefore suggested that lysosomes have a supportive rather than an essential role in ferroptosis.
Oxytosis was initially described as oxidative glutamate-induced death of neuronal cells (Tan et al., 2001; Dixon and Stockwell, 2014) . Similar to ferroptosis, oxytosis also relies on the prevention of cysteine uptake by the XC-cysteine/glutamine antiporter. However, in oxytosis this is achieved by cysteine depletion or glutamate saturation. Furthermore, like in ferroptosis also in oxytosis ROS damage membrane lipids. However, this is not sufficient for killing the cell and additional stimuli, such as calcium influx from the extracellular space, which results in activation of calpains, are required (Henke et al., 2013) . As calpains have been previously suggested to be involved in triggering LMP (Yamashima, 2004) , this could provide a link between LMP and oxytosis. However, glutamate treatment of mouse hippocampal HT22 cells triggered lysosomal ROS production and cell death but not LMP (Kubota et al., 2010) , suggesting a supporting rather than an essential role of lysosomes in oxytosis.
Pyroptosis
Pyroptosis was discovered as a special form of lytic cell death, induced by microbial infection that is accompanied by the release of proinflammatory cytokines interleukin 1β (IL-1β) and interleukin 18 (IL-18). Together with necroptosis it has been recently classified as a form of programmed necrosis, where a major role is played by the proinflammatory caspases 1 and 11 in mouse, while in humans the latter is replaced by caspases 4 and 5 (Cookson and Brennan, 2001; Averette et al., 2009; Lamkanfi and Dixit, 2014; Wallach et al., 2016) . The process is started by the activation of intracellular nucleotide oligomerisation domain-like recognition receptors (NLRs) that form the inflammasome together with the apoptosisassociated speck-like protein containing a CARD (ASC), which enable pro-caspase 1 activation. In such way, the inflammasome promotes maturation of the pyrogenic IL-1β and IL-18 cytokines that are secreted from cells. A major role in the process also plays the caspase 11 substrate gasdermin D (GSDMD), which was found to be critical for non-canonical inflammasome signalling by Gram-negative bacteria and subsequent pyroptosis, as well as for activation of IL-1β (Guo et al., 2015; Kayagaki et al., 2015) . In addition, recent findings have provided evidence that the N-terminal domains of GSDMD and other gasdermin proteins (GSDMA and GSDMA3) are involved in pyroptotic pore formation. These pore-forming proteins can affect either plasmalemma or peroxisome and mitochondrial membranes (Ding et al., 2016; Sborgi et al., 2016) .
There is also increasing evidence that inflammasome activation triggered by different stimuli, including bacterial toxins, silica crystals, aluminum salts, lipofuscin and lysosomotropic detergent LeuLeuOMe (Hornung et al., 2008; Duewell et al., 2010; Tseng et al., 2013) , cholesterol crystals (Duewell et al., 2010) , and mitochondrial ROS (Heid et al., 2013) is accompanied by LMP. For example, Bacillus anthracis lethal toxin (LT) triggers NLRs and also induces LMP in macrophages, which results in pyroptotic cell death. Moreover, active cathepsins were found in the cytosol of LT-treated macrophages and their inhibition prevented LT-induced pyroptosis, suggesting that a moderate LMP could contribute to inflammasome activation (Averette et al., 2009 ). In addition, it has been demonstrated that the cathepsin B-selective inhibitor CA-074-Me, but not cathepsin B deficiency, effectively blocked pyroptosis and IL-1β release mediated by silica (Hornung et al., 2008; Tseng et al., 2013) . However, it still unclear if cathepsins induce inflammasome activation directly or indirectly through a yet unidentified signalling pathway (Hornung et al., 2008; Averette et al., 2009; Newman et al., 2009; Lima et al., 2013) .
Surprisingly, in the study of Lima et al. (Lima et al., 2013) early lysosomal rupture by LeuLeuOMe and alum in macrophages resulted in necrotic cell death independent of the inflammasome-activated caspase-1. The authors observed that LMP resulted in a range of opposing cellular responses, from a broad degradation of cellular proteins, including caspase-1, IL-1β, and IL-18, to a minor activation of pro-caspase-1 and pro-IL-1β. Importantly, activation of caspase-1 did not depend on the inflammasome activation. The authors named this pyrogenic cell death lysosome-mediated necrosis. They further observed that the release of IL-1β was still dependent on caspase-1 processing, whereas the final cell death was not (Lima et al., 2013) . Similar to pyroptosis, also LeuLeuOMe-mediated necrosis and IL-1β maturation could be attenuated by CA-074-Me, but not by genetic ablation of cathepsin B, in agreement with the lower specificity of the methylated form of the inhibitor. LeuLeuOMe-triggered cell death in monocytes, dendritic cells and neutrophils, but not pyroptosis, could be also prevented by ablation of cathepsin C. Furthermore, downregulation of the aspartic cathepsin D in macrophages also blocked LeuLeuOMe necrosis, suggesting a link between cathepsin D and cathepsin C activation in lysosome-mediated necrosis (Lima et al., 2013; Brojatsch et al., 2015) . However, at least in vitro studies do not support the role of cathepsin D in cathepsin C activation (Dahl et al., 2001) .
Another caspase-1-independent form of cell death named pyronecrosis has been described in response to Shigella flexneri and Neisseria gonorrhoeae infection. Also in these cases, inhibition of cathepsin B, and possibly other proteases, by CA-074-Me attenuated cell death and limited inflammatory cytokine release (Willingham et al., 2007; Duncan et al., 2009 ). This further suggests that inducers of pyrogenic cell death, including lysosome-destabilizing agents, trigger different cellular events, which importantly rely on the extent and timing of LMP.
Cornification
Cornification is a distinct type of programmed cell death of epidermal cells, closely related to skin layers' formation. Corneocytes -dead keratinocytes -become part of the outer skin barrier, fundamental for protection against mechanical, chemical or biological stressors. During this 2-weeks' long cellular transformation, various enzymes become involved in organelle degradation, such as proteases, nucleases, and transglutaminases (Lippens et al., 2009; Eckhart et al., 2013) . After degradation, free areas within the cell are replaced by cytoskeleton and a cornified cell envelope is created at the intracellular edges of the cell. In spite of many studies about cornification, the exact role of lysosomal proteases and LMP remains unclear, although cathepsins V and L and legumain have been detected in the cytosol of keratinocytes. One of the crucial regulators of cornification seems to be the cysteine protease inhibitor cystatin M/E, which inhibits legumain and cathepsins V and L . Its genetic ablation resulted in mice dying shortly after birth due to disturbed cornification, impaired barrier function and consequent dehydration (Zeeuwen et al., 2002) . The critical cystatin E/M target seems to be cathepsin L/V, as simultaneous ablation of cathepsin L rescued cystatin E/M deficient mice lethality (Zeeuwen et al., 2010) . Based on the deletion of cystatin E/M in a reconstructed human skin model, which showed an impaired epidermis development instead of ichthyosis-like features, it was suggested that the inhibitor might be critical also for humans (Jansen et al., 2012) . Moreover, the transglutaminase activity is also dependent on release of cathepsins from lysosomes and Ca 2+ from endoplasmic reticulum and thereby on cystatin E/M cathepsin L/V axis. However, calpain-1-dependent LMP, which is triggered after tight envelope formation to prevent uncontrolled degradation, occurs from unknown reason Eckhart et al., 2013; Costanzo et al., 2015) . Anyhow, dysregulation of proteases and their inhibitors in the skin might be related to development of various diseases, such as Netherton syndrome, Papillon-Lefevre syndrome as well as impaired skin barrier function (Zeeuwen, 2004; Cheng et al., 2009; Zeeuwen et al., 2009; Jansen et al., 2012) .
Parthanatos
Poly (ADP-ribose)-polymerase 1 (PARP1), also known as NAD+ ADP-ribosyltransferase, is mostly recognized for being engaged in DNA repair. However, hyperactivation of PARP1 leads to regulated necrotic cell death termed parthanatos. PARP1 is a target of many enzymes, among them apoptotic caspases, granzymes and cathepsins. The production of variety of different PARP1 fragments could mediate specific forms of cell death. For example, after LMP cathepsins B, D and G can cleave PARP1 into 44 kDa, 55 kDa, 62 kDa, 74 kDa and 89 kDa necrotic fragments, which might contribute to cell death, although the molecular mechanisms behind this are not completely clear yet. However, due to the complexity and diversity of cleaved PARP1 fragments it is difficult to associate them to a specific PARP1-controlled process including parthanatos (Chaitanya et al., 2010; Galluzzi et al., 2014) .
Conclusions
Lysosomes and LMP have been often connected with different types of cell death. While their major role in necrosis and autophagy/autophagic cell death is clear, their role in programmed cell death pathways seems to be more restricted to amplification of the different pathways, rather than to their initiation. The only real exception is apoptosis triggered by lysosomotropics, however, this is not really a physiological pathway. Nevertheless, use of lysosomotropics may be beneficial at least as supportive therapy in several diseases, including cancer. However, additional studies are needed, before we will really understand this complex organelle and its role in general, not only in cell death.
